Lightweight and high-efficiency microwave absorption materials with tunable electromagnetic properties is a highly sought-after goal and a great challenge for researchers. In this work, a simple strategy of confinedly implanting small NiFe 2 O 4 clusters on reduced graphene oxide is demonstrated, wherein the magnetic clusters are tailored, and more significantly, the electromagnetic properties are highly tuned. The microwave absorption was efficiently optimized yielding a maximum reflection loss of -58 dB and ~ 12 times broadening of the bandwidth (at -10 dB). Furthermore, tailoring of the implanted magnetic clusters successfully realized the selective-frequency microwave absorption, and the absorption peak could shift from 4.6 to 16 GHz covering 72% of the measured frequency range. The fascinating performances eventuate from the appropriately tailored clusters, which provide optimal synergistic effects of the dielectric and magnetic loss caused by multi-relaxation, conductance, and resonances. These findings open new avenues for designing microwave absorption materials in future, and the well-tailored NiFe 2 O 4 -rGO can be readily applied as a multi-functional microwave absorption material in various fields ranging from civil and commerce to military and aerospace.
Introduction
Electromagnetic radiation is becoming a great threat to human health, as well as the functions and lifetime of neighboring electric components due to the rapid development of electric information technology such as high-speed processors, satellite communication, and broadband radar [1] [2] [3] [4] [5] [6] . Therefore, governing and preventing electromagnetic radiation have become a critical issue all over the world. Nowadays, lightweight and high-efficiency microwave absorption materials with highly tunable electromagnetic parameter are being explored and have become a hot topic [7] [8] [9] [10] [11] [12] [13] [14] .
As the thinnest material of the carbon family, graphene has outstanding properties such as light weight and high thermal stability, chemical stability, Nano Res. 2018, 11 (3) : [1426] [1427] [1428] [1429] [1430] [1431] [1432] [1433] [1434] [1435] [1436] and carrier mobility, and shows great potential for microwave absorption materials [15] [16] [17] [18] [19] [20] [21] [22] . However, further microwave attenuation by pure graphene is difficult due to poor impedance matching from the single dielectric loss [23] [24] [25] . Excellent microwave absorption generally requires efficient complementation between the relative permittivity and permeability [26, 27] . Therefore, one of the effective ways is the combination of a magnetic material with graphene, which has abundant defects and hydroxyl, epoxy, and carboxyl groups [28] [29] [30] .
Fe, Co, Ni, and their oxides are a kind of ideal complementary materials. Moreover, the physical and chemical properties can be readily adjusted by tuning the size, shape, and dimensions of the material [31] [32] [33] [34] [35] . Che et al. showed that the excellent microwave absorption performance of CNT/crystalline Fe nanocomposites resulted from the confinement of crystalline Fe in the carbon nanoshells, wherein both the complex permittivity and permeability depended on the shape and phase of the nanocomposites [36] . Qin [19] .
In recent years, NiFe 2 O 4 with an inverse spinel structure and high saturation magnetization along with favorable chemical stability and corrosion resistance has attracted extensive attention in various fields such as batteries, supercapacitors, microwave absorbers, electromagnetic interference shields, and biological medicines [39] . In microwave absorption, hybridizing NiFe 2 O 4 with graphene is significant to upgrading the performances. However, investigation of the microwave absorption of NiFe 2 O 4 -graphene is still in their infant stage, and the realization of its optimal performance is still a great challenge.
In this paper, reduced graphene oxide (rGO) decorated with small NiFe 2 O 4 clusters was fabricated by a facile confined growth method. The formation mechanism of NiFe 2 O 4 -rGO is elucidated, and the deposition effect of small magnetic clusters on the microwave absorption property of NiFe 2 O 4 -rGO is systematically investigated. The nanohybrids exhibit excellent microwave absorption properties and synergetic effect of the dielectric and magnetic loss. More significantly, the microwave absorption capacity and absorption peaks could be precisely tuned by adjusting the content of small magnetic NiFe 2 O 4 clusters.
Experimental

Preparation of NiFe 2 O 4 -rGO
The confined growth of small NiFe 2 O 4 clusters on rGO as well as cluster tailoring is shown in Fig. 1 . Schematic illustrations of the confined growth process and the tailoring method are displayed and explained in detail below.
Graphene oxide (GO) was prepared from graphite powder by a modified Hummers' method. NiFe 2 O 4 -rGO nanohybrids were prepared by a facile one-pot 
Characterization
The morphologies and microstructures of NiFe 2 O 4 -rGO were evaluated by scanning electron microscopy (SEM, HITACHI S-4800) and transmission electron microscopy (TEM, JEM-2100) using copper grids. Powder X-ray diffraction (XRD) was carried out on an X' Pert PRO system with a Cu Kα radiation source. The magnetic properties were measured by a Lakeshore 7407 vibrating sample magnetometer (VSM).
NiFe 2 O 4 -rGO/wax with various volume ratios of NiFe 2 O 4 -rGO (27 vol.%, 35 vol.%, and 43 vol.%) were prepared. The mixture was then pressed into a toroidal-shaped specimen (Φ out : 7.03 mm; Φ in : 3.00 mm) having a thickness of ~ 2 mm. The electromagnetic properties of the samples were recorded by a vector network analyzer (VNA, Anritsu 37269D, Japan) in the range of 2-18 GHz.
Results and discussion
The formation of NiFe 2 O 4 -rGO is schematically illustrated in Fig. 1 . Graphite flakes were oxidized and exfoliated to form GO with rich oxygen-containing groups. These functional groups with negative charges attract the metallic ions (Ni 2+ and Fe
3+
) via electrostatic interactions, along with hydrolysis and nucleation [40] . The interaction between the metallic ions and rGO possibly forms C-O-Ni or C-O-Fe linkages [28] . These functional groups then act as the confinement sites where NiFe 2 O 4 will crystallize, grow, and finally form small clusters. Simultaneously, the GO is reduced as the reaction proceeds, which also inhibits the aggregation of NiFe 2 O 4 nanocrystals and facilitates the formation of small magnetic clusters. By increasing the concentration of nitrate precursor, the dispersed states of NiFe 2 O 4 nanocrystals on rGO could be changed. Owing to the magnetic dipole-dipole attraction, the excessive NiFe 2 O 4 will stack and finally cover the entire surface of the rGO [41] . Consequently, the magnetic clusters could be tailored by tunable ion implantation.
The formation of NiFe 2 O 4 can be represented by the following reactions
Apart from these reactions, the following side reaction may occur
SEM measurement was performed to investigate the morphologies and dimensions of NiFe 2 O 4 -rGO, as shown in Fig. 2 and Fig. S1 in Electronic Supplementary Material (ESM). In Fig. 2(a) , only a few NiFe 2 O 4 nanocrystals can be seen to have grown on the surfaces of the rGO nanosheets. Compared with Ni-Fe-G1, the SEM of Ni-Fe-G2 shows the uniform growth of NiFe 2 O 4 nanocrystals on the surface and the appearance of small NiFe 2 O 4 clusters (Figs. 2(b) and 2(c)). Further increasing the deposition ratios of NiFe 2 O 4 resulted in significant decrease in single nanocrystals ( Fig. 2(d) ). Finally, NiFe 2 O 4 nanocrystals aggregate into larger clusters, and stack with each other to form a thin layer (Fig. 2(e) ) or a dense and thick coating (Fig. 2(f) ) covering the rGO entirely. In addition, the selected-area electron diffraction (SAED) pattern (inset of Fig. 4(d) ) and the 1D diffraction profile (Fig. 4(d) ) both indicate that the NiFe 2 O 4 nanocrystal has a cubic spinel structure. The crystalline structures of NiFe 2 O 4 -rGO were further investigated by X-ray diffraction, as shown in The reflection loss (RL) was used to evaluate the absorption ability of the absorbers, which can be calculated based on the transmission line theory using the measurement data of complex permittivity and permeability [42] [43] [44] [45] [46] 
Here, ε r and μ r are the relative complex permittivity and permeability of the absorber, respectively; Z in is the normalized input impedance of the absorber; Z 0 is the impedance of free space; f is the microwave frequency; c is the light velocity; and d is the thickness of the absorber. The maximum RL that could be reached was -58 dB at 11.52 GHz with a thickness of 2.7 mm. In addition, the effective bandwidth increased by a factor of 12 from 0.32 to 4.08 GHz. Moreover, the absorption peak shifted from 4.6 to 16 GHz covering 72% of the measured frequency range. This phenomenon indicates that precisely tailoring the magnetic NiFe 2 O 4 clusters could successfully realize the selective-frequency microwave absorption. Figure 5 (b) illustrates the RL values of Ni-Fe-G2 with different thicknesses. The absorption peak moves to a higher frequency with the decrease in sample thickness, shifting from the C band to the Ku band. Meanwhile, the 3D projection plots of RL versus frequency and thickness demonstrates that a broad effective absorption band covers ~ 90% of the entire investigated frequency range. There also exists a highly effective absorption band with RL < -30 dB, which covers ~ 20% of the investigated frequency range.
The permittivity and permeability of NiFe 2 O 4 -rGO with 27 vol.%, 35 vol.%, and 43 vol.% loadings were investigated to better understand the probable mechanism of dielectric loss or magnetic loss. As shown in Fig. 6 , both ε′ and ε″ reduce with increase in frequency and NiFe 2 O 4 loading. Two relaxation peaks at ~ 9 GHz and ~ 12 GHz are observed in ε″. Additionally, another relaxation peak at ~ 15 GHz appears when the deposition ratio of NiFe 2 O 4 increases to that of Ni-Fe-G2. This probably attributes to the enhancement of interfacial and defect polarizations. As shown in Fig. 6(f) , ε″ gradually decreases with increase in NiFe 2 O 4 deposition ratio owing to the weakness of the conduction loss in NiFe 2 O 4 -rGO (as shown in Fig. S6 in the ESM) .
According to Debye theory, ε″ indicates the inner dissipation of energy and includes polarization loss and conduction loss, described as follows [33, 47] 
Here, ε s is the static dielectric constant; ε ∞ is the relative dielectric constant at the high-frequency limit; ω is the angular frequency; σ is the electrical conductivity; and τ is the temperature-dependent relaxation time.
The Cole-Cole equation demonstrating the relationship between ε′ and ε″ can be further deduced as follow
The Cole-Cole plots demonstrated in Fig. 7 show Nano Res. 2018, 11(3): 1426-1436 two semicircles for Ni-Fe-G1 and three for Ni-Fe-G2, Ni-Fe-G3, Ni-Fe-G4, and Ni-Fe-G5, which is in agreement with ε″. Figure 8 illustrates the μ′ and μ″ of the samples, both of which decrease as the frequency is raised. Moreover, μ″ displays two peaks located at ~ 4 GHz and ~ 11 GHz, respectively. In general, the magnetic loss is ascribed to natural resonance, exchange resonance, magnetic hysteresis, domain wall resonance, and eddy current loss. Nevertheless, magnetic hysteresis and domain wall resonance can be ignored in the microwave frequency band [47] . According to Fig. 8(f) , these two peaks are characteristic of the standard magnetic resonance spectrum, which may be indexed to the natural resonance and exchange resonance, respectively [48] . Moreover, the eddy current loss also contributes to microwave attenuation because of the approximately constant values of μ″ (μ′) −2 f −1 in the range of 14-18 GHz, as shown in Fig. S7 in the ESM [49] [50] [51] . Although Ni-Fe-G1 displays the maximum α value, it fails to attain the best absorption. This is because the impedance matching behavior also directly affects the microwave absorption properties. Poor impedance matching of Ni-Fe-G1 leads to a strong electromagnetic reflection [52] .
Tailoring the NiFe 2 O 4 clusters affects both the dielectric loss and magnetic loss, which directly determine the microwave attenuation performance, as shown in Fig. 9 . According to Debye theory, ε″ includes conduction loss and relaxation loss. When microwaves penetrate NiFe 2 O 4 -rGO, the electrons migrate in the rGO layers and hop across the defects or between two neighboring rGO layers, as shown in Fig. 9(a) . This is in well accordance with Cao's model [53, 54] . According to the formula of micro-current network reported by Cao et al. [55] , when the deposition ratio of magnetic clusters increases, the strengthened energy barrier for electron hopping hampers the formation of micro-current networks, resulting in poor conduction loss, as shown in Fig. 9(b) . The relaxation loss ascribed to the dipole polarization is another loss mechanism, which arises from the functional groups, defects, and interface between the NiFe 2 O 4 nanoparticles and rGO nanosheets or the NiFe 2 O 4 interfaces (Figs. 9(c) and 9(d)). According to Cao suggested model, the capacitor-like structures at the interfaces may attenuate the power of incident EM waves by aligning the polar bonds or charges in the electromagnetic field [53] [54] [55] [56] . The increased magnetic cluster deposition leads to the formation of more interfaces, and consequently, relaxation loss is enhanced [56] . The magnetic loss is another significant factor contributing to microwave absorption. In the microwave frequency band, the magnetic loss generally derives from natural resonance, exchange resonance, and eddy current loss, as shown in Figs. 9(e) and 9(f). Meanwhile, with the increase in NiFe 2 O 4 loading, the magnetic loss will also increase. Therefore, the tailoring of NiFe 2 O 4 clusters is required to achieve efficient synergy between dielectric loss and magnetic loss, and to improve impedance matching.
Conclusions
In summary, NiFe 2 O 4 -rGO has been successfully fabricated by a facile strategy for the confined implantation of NiFe 2 O 4 clusters. Tailoring small NiFe 2 O 4 clusters helped tune the electromagnetic properties as well as improve the microwave absorption. The optimum microwave absorption performance was obtained for Ni-Fe-G2, and a maximum RL of -58 dB was achieved at 11.52 GHz for a thickness of 2.7 mm. More importantly, the effective bandwidth could be significantly broadened by ~ 12 times, and the absorption peaks could be shifted from the C band to the Ku band, covering ~ 72% of the investigated frequency range. These fascinating results arise from the synergistic effects of the multiple relaxation loss and conduction loss, as well as magnetic loss. It is believed that the confined growth method can facilitate the synthesis of composites as microwave absorption materials at an industrial scale. Moreover, the composites could also be extended to other application areas such as energy storage, aerospace, and civil communication.
